The insect pathogen Bacillus thuringiensis was cultured at different glucose concentrations. Size, protein content, and insecticidal activity of the parasporal inclusions, which are formed during the sporulation process, were measured. Increased glucose concentrations led to bigger crystalline inclusions with a higher content of protein and insecticidal activity. Maximum yields of protein and endotoxin were obtained in a semisynthetic medium that contained glucose concentrations of 6 to 8 g/liter.
The insect pathogen Bacillus thuringiensis was cultured at different glucose concentrations. Size, protein content, and insecticidal activity of the parasporal inclusions, which are formed during the sporulation process, were measured. Increased glucose concentrations led to bigger crystalline inclusions with a higher content of protein and insecticidal activity. Maximum yields of protein and endotoxin were obtained in a semisynthetic medium that contained glucose concentrations of 6 to 8 g/liter.
The crystalline protein which is deposited within the sporangium of Bacillus thuringiensis during the sporulation process is highly toxic for a number of pest insects belonging to the order Lepidoptera. Synonyms for the crystalline protein are parasporal body, parasporal inclusion, crystal and 6-endotoxin. B. thuringiensis is commercially produced and marketed as an insecticide especially for the protection of vegetable crops and forests. B. thuringiensis preparations are harmless to beneficial insects and vertebrates, thus permitting their unrestricted use up to the time of harvest. A comprehensive review of B. thuringiensis is given in the book by Burges and Hussey (2) .
The media for industrial production of B. thuringiensis are basically composed of complex carbon and nitrogen sources. Starch and molasses are suitable carbon sources and protein-rich material of plant and animal origin such as soybean, corn steep liquor, or casein hydrolysates provide good and cheap nitrogen sources.
Since the insecticidal activity of B. thuringiensis is primarily based on the parasporal bodies, high yields of 6-endotoxin are desirable. The production of microbial metabolites can often be improved by strain selection and by varying the culture conditions. It would therefore be likely that the production of 5-endotoxin could similarly be improved. This possibility has so far received little attention. Dulmage (3) compared the yield of spores and 6-endotoxin by using a number of different complex media suitable for commercial production.
Initiating a fundamental study on the relationship between culture conditions and 6-endotoxin production, we found that the carbohydrate concentration in the medium played a most important role. This report deals with the influence of glucose on the production of 6-endotoxin in batch culture. Determination of crystal protein and toxic activity. All spore-crystal suspensions were adjusted to 1.109 cells/ml. The number of spores was determined by mixing serially diluted samples with hot nutrient agar. The agar-spore mixture was poured into petri dishes and incubated for 16 h at 30 C after which the colonies were counted. The number of crystalline inclusions equaled that of the spores since each sporulating cell of B. thuringiensis gives rise to one single parasporal body. For the protein determination the spore-crystal complex was suspended in 0.08 N NaOH for 30 min after which the suspension was centrifuged, and the dissolved crystal protein was measured according to the method of Lowry et al. (4) .
MATERIALS AND METHODS
Freshly molted fifth instar larvae of Pieris brassicae were used to determine the toxic activity of the spore-crystal suspensions. The samples to be assayed were administrated by force-feeding the larvae with a syringe connected to a micrometer screw gauge. All suspensions were given in five doses ranging from 1 to 15 Aliters per larva. Five insects were used for each dose. After treatment, the larvae were allowed to feed on cabagge leaves ad libitum for 16 h. The feeding inhibition caused by the 6-endotoxin was measured by the amount of excreted frass pellets. This procedure allowed the detection of 6-endotoxin down to 5.10-4 'sg of protein which corresponds to about 200 crystals.
RESULTS
Crystal size. Crystals cultured at different glucose concentrations showed wide variation in size. For example, in the absence of glucose, when the yeast extract was the only carbon source, the crystals were barely visible under the light microscope and less than 0.5 um in length. Already the addition of 1 g of glucose per liter to the medium increased the crystal size to an average length of 0.5 um. Optimum culture conditions for crystal formation were reached with 6 to 8 g of glucose per liter. These crystals reached the size of the spores which average 2.0 gm in length. The spore size was not subject to variation by different glucose concentrations. The results are summarized in Table 1 , and Fig. 1 shows the marked difference in size of parasporal inclusions cultured at 1 and 6 g of glucose per liter. Glucose levels above 8 g/liter led to parasporal bodies which had lost their diamond-shaped form; they appeared as amorphous inclusions and some cells contained more than one granule. Furthermore, media with glucose concentrations higher than 8 g/liter produced an excess of acids so that growth was inhibited and was resumed only after addition of NaOH.
Protein content. A direct relationship could be established between size and protein conttent of the crystals ( Table 1 ). The glucose-free medium yielded only 0.1 mg of protein from 5.10' parasporal bodies. The amount of crystal protein doubled when 1 g of glucose per liter was added. The maximum crystal protein production was obtained with 8 g of glucose per liter. Further glucose addition did not lead to an increased protein yield.
6-Endotoxin content. Increased glucose levels also gave rise to higher yields of 6-endo- toxin. Measuring the number of parasporal bodies needed for 100% feeding inhibition, we found that 9,000 crystals were necessary to inhibit the feeding of the larvae when B. thuringiensis was cultured in the absence of glucose. This number was already reduced to 8,000 when the medium contained 1 g of glucose per liter. Again, optimal conditions were reached with 8 g of glucose per liter when only 2,200 parasporal bodies were sufficient to stop the uptake of food by the insects. These results are summarized in Table 1 . The toxic activity did not rise as fast as the protein content of the crystals. A 10-fold difference in protein concentration was found between the two extreme values of 0 and 8 g of glucose per liter, whereas the corresponding toxic activity of the crystals only rose by a factor of four.
DISCUSSION
The insecticidal activity of B. thuringiensis is primarily based on the crystalline inclusion bodies. The spores play only a secondary role (1). The 6-endotoxin of the parasporal bodies causes destruction and breakdown of the gut epithelium in susceptible insects. Then the spores germinate and the vegetative cells pene-SCHERRER, LUTHY, AND TRUMPI trate through the damaged gut wall into the hemolymph where they multiply rapidly and cause a lethal septicemia.
The results obtained demonstrate the importance of glucose for the production of 6-endotoxin. Between 6 and 8 g/liter was found to be an optimal concentration for the semisynthetic medium which was selected for this study. For other media and for other culture conditions the glucose requirements for optimal 6-endotoxin production would be different. For example, preliminary results showed that the oxygen supply of the medium greatly affected the size and the specific toxicity of the parasporal inclusions. Under high aeration rates small crystals with increased toxicity were obtained, whereas a reduced oxygen supply led to relatively big crystals with low 6-endotoxin content. The fact that the yield of &-endotoxin per sporulated cell is strongly influenced by the selection of the medium and of the culture conditions is important for the commercial production of B. thuringiensis. Attention should not only be directed towards high spore yields, but at the same time the components of the medium have to be balanced to obtain the best toxic activity per volume of medium.
The different rates at which the protein and the 6-endotoxin concentrations change can presently not be explained. We assume that the crystal of B. thuringiensis is an agglomerate not only of 6-endotoxin but also of one or more additional protein components. Thus these inactive ballast proteins could increase faster than the 6-endotoxin concentration when additional glucose is present in the medium. The replacement of the typical crystalline form of the parasporal inclusion by one or more amorphous granules above glucose concentrations of 8 g-Liter indicates a change in the protein composition of the parasporal bodies.
